Abstract. The purpose of this paper is to investigate the electrophoretic deposited nanosilica on stainless steel for corrosion protection. The electrophoretic deposition (EPD) was carried out by pulsed direct current (PDC) of silica sol made of sodium silicate. The amplitude and frequency of the PDC were varied in the range of 0.1-0.6 V and 30-80 Hz, respectively. The corrosion protection properties of the silica films were analyzed by Electrochemical Impedance Spectroscopy (EIS) in 2 wt% NaCl solution. The experimental results showed that the silica films exhibit good characteristics as indicated by their high pore resistance and low admittance. The silica film corrosion protection characteristics were influenced by the frequency and amplitude of PDC during preparation of electrophoretic deposition.
Introduction
Metals have many applications in our daily life such as in automotive, factory and in orthopedic. However they are vulnerable to corrosion attack at fluid conditions or aggressive environment resulting destruction on the structural materials. So, effort must be done to improve the corrosion resistance of metal.
Chromate coating has been used widely for many years to prevent steel from corrosion. However this anticorrosive material is hazardous because of the heavy metal which can pollute the environment. Recently, coating with chromate was banned. Consequently, many works have been conducted to look for an alternative coating to substitute chromate as a protective coating which not only anticorrosion but also has a strong adhesive. One of the alternatives is silica. The properties of silica which support their use as the alternative coating are strong adhesive, good barrier properties of water, ion-ion and water vapor diffusion to metal surface, so it can protect metals from corrosion.
Dip coating method was commonly used as a method for metal coating. Coating of stainless steel with silica from TEOS, MTES and sodium hydroxide by dip coating and EPD (electrophoresis deposition) has been investigated [1] . However, TEOS and MTES are expensive and toxic that damages their application industry. Electrophoresis deposition has been propose as an alternative for obtaining thicker and denser coating with good protective properties than dip coating [1] . The advantages of EPD method are low cost, less particle wastage and high deposition rate.
It has been shown that electrophoretic deposition of TiO 2 nanoparticles on stainless steel by PDC produced more uniform particle layers compared to those of the conventional DC. By using PDC, a relatively high volume density of the deposited structure can be obtained [2] .
In this paper, electrophoretic deposition of nanosilica by PDC on steel for corrosion protection is presented. The effect of pulsed parameter on the characteristics of silica film was studied. The corrosion protective characteristics of the silica films were evaluated by the method of Electrochemical Impedance Spectroscopy (EIS).
Experimental
The starting sol was prepared from sodium silicate solution following the method proposed by Tsai [3] . One hundred and forty grams industrial grade sodium silicate solution (water glass; 28% SiO 2 , SiO 2 : Na 2 O = 3.3) provided by PT PQ Silica Indonesia was diluted with de-ionized water to 1000 ml, that corresponds to a final concentration of 3.6 wt.%. The diluted sodium silicate solution was then mixed with H + ion-exchange resin (1 : 1 volume ratio) for 30 min under mild stirring to form a silicic acid solution of pH 2 after the ion exchange. The silicic acid solution was titrated to 1 wt% KOH solution at a temperature of 60 ºC with a constant flow rate of about 10 ml/min by a peristaltic pump.
Stainless steel plate with a size of (2 × 6) cm was used as the substrate. It was installed as anode. Prior to particle deposition, the substrate was pretreated with sulphuric acid solution (0.1 M) for 10 min, rinsed with de-ionized water and aceton, polished and dried. A grafit was used as the counter electrode. Both electrodes were submerged into the prepared silica sol with a distance of 3 cm. Function generator was used as pulsed current source. Frequency and amplitude were varied in a range of 30 Hz-80 Hz and 0.1 V-0.6 V, respectively. All experiments were conducted at room temperature and the deposition time was fixed at 9 min. The deposited substrate was dried at 120°C in an oven for 2 h.
The protective behavior of the deposited substrate against corrosion was studied by Electrochemical Impedance Spectroscopy in 2 wt.% NaCl solution.The tests were carried using a potensiostat/galvanostat equipment (Autolab PGSTAT 302N, Metrohm) which was fully controlled by a computer using NOVA software. In the measurements, the conventional three-electrode system was used where the deposited substrate acted as the working electrode, platinum plate as the counter electrode and Ag/AgCl as the reference electrode. The sinewave amplitude was 10 mV and the frequency range was 0.01 Hz-1000 Hz. The data obtained after the measurements were analyzed using NOVA software.
Results and Discussion
The effect of frequency on the characteristics of silica film. Figure 1 shows the representative impedance spectra of the silica film deposited using PDC. It seems that the frequency during EPD influences the corrosion protection characteristics. As shown by the impedance spectra in Fig. 1 , the silica film obtained at various frequency exhibit good coating for corrosion protection. The impedance spectra in Fig. 1 were modeled by an equivalent circuit shown in Fig. 2 . The impedance spectra at frequency of 30 Hz were modeled by equivalent circuit model A (Fig. 2(a) ). Rpore is used to determining the area of the defects through the coatings, the charge transfer resistance (Rct) is used to show the electrochemical behavior and the corrosion processes at the metal surface. The charges transfer resistance is inversely proportional to the corrosion rate and to the surface area under corrosion. Y 0 is the admittance of an ideal capacitance, used to show the easiness of charge to flow through the breaks or pores of coating, N is an empirical constant to show the characteristics of coating as a capacitor or resistor and from the double layer capacitance (Cdl) value it is possible to obtain the wet area [4] . Model A showed that water and oxygen molecules reached the substrate surface and the electrochemical reactions at the metal/coating interface may take place [5] .
The increasing of frequency (40 Hz) produced different impedance spectra showed in Fig. 1 . Model B (Fig. 2(b) ) was introduced to fit the spectra. Same with model A, model B showed that water and oxygen molecules reached the substrate surface and the electrochemical reactions at the metal/coating interface may take place. With the other frequency, 50 Hz, 60 Hz and 70 Hz, model A, model B, and model A was used to fit the spectra, respectively. The increase of frequency (80 Hz) produces different spectra than the others. The coating was equivalent to a barrier layer with a high value coating resistance in parallel with a low value coating capacitance, which is presented by electrical equivalent circuit model C (Fig. 2(c) ). From another research by Naim et al., by using higher frequency on PDC deposition could narrow the particle size distribution or dispersity of The fitting parameters of equivalent circuit of impedance spectra are listed in Table 1 . It can be seen from Table 1 that the higher pore resistance was obtained in frequency of 80 Hz. The increasing values of admittance could be associated with an increase in the expose area of the metal and electrolyte penetration in the coating through the breaks and pores. On the other hand, the reduction of the Rpore value could be related to an increasing in pore area offering a low resistance to the electron transfer in the base of the pore [6] . From the range of frequency which was used, the higher pore resistance and the lower admittance value was obtained at frequency of 80 Hz. It showed that by electrophoresis at frequency of 80 Hz could be obtained silica coating with a high resistance to the electron transfer and small expose area of the metal so the electrolyte penetration in the coating was low. As corrosion is an electrochemical process that involves electron transfer at solid/solution interface, stopping current means stopping corrosion process. 
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The effect of amplitude on the characteristics of silica film. The fitting parameters of equivalent circuit of impedance spectra (not shown) as a function of amplitude is shown in Table 2 . It can be seen from Table 2 that by increasing the amplitude, the pore resistance values were increase (at amplitude of 0.2 V-0.5 V). The pore resistance values decreased at the amplitude higher than 0.5 V. The increasing of the pore resistance value could be related to an increase in pore area offering a low resistance to the electron transfer in the base of the pore. The highest pore resistance was obtained at amplitude of 0.5 V. It showed that the amplitude of 0.5 V was an optimum amplitude to obtained silica coating serve as a good barrier to protect steel from corrosion. The admittance value at this amplitude was also low. It showed that only a small amount of electrolyte penetrates in the coating through the pores. 
Conclusion
Good barrier properties for corrosion protection of silica film in steel surface could be obtained by pulsed direct current electrophoresis. The silica coating characteristics were influence by frequency and amplitude of electrophoresis. A silica coating with a high pore resistance value and a small amount of electrolyte penetrates in the coating through the pores was obtained at the frequency of 80 Hz and amplitude of 0.5 V.
